Influenza A viruses (IAVs) cause frequent epidemics and occasional pandemics, and are one of the leading causes of human morbidity worldwide. A peculiar feature of the IAVs is the induction of massive host cell death in cell culture and animal models.^[@bib1]^ Apoptosis in general is considered as a host strategy to limit the virus replication.^[@bib2]^ Paradoxically, host cell death induction is essential for efficient replication of the IAVs and it is closely linked to IAV virulence and pathogenesis.^[@bib1],\ [@bib3]^ Many IAV proteins such as PB1F2, NS1, M1, M2 and NA are known to modulate the host cell death, invariably by targeting cellular factors.^[@bib4],\ [@bib5],\ [@bib6],\ [@bib7],\ [@bib8],\ [@bib9],\ [@bib10]^ IAV nucleoprotein (NP) has also been implicated in viral pathogenesis and host range determination;^[@bib11],\ [@bib12]^ however, there has been no report of its direct role in influenza virus-induced cell death. IAV NP is a 498 amino acid protein encoded by segment 5 of the viral RNA genome.^[@bib13]^ It is one of the most abundant viral proteins and its primary function is to encapsidate the viral genome.^[@bib13],\ [@bib14]^ It is known to interact with several viral proteins such as PB1, PB2, M1, NS1 and NP itself.^[@bib14],\ [@bib15],\ [@bib16],\ [@bib17]^ It also interacts with a number of host cellular factors including nuclear import receptor *α* importin, nuclear export receptor CRM1, cytoskeletal element F actin and DEAD-box helicase BAT1/UAP56.^[@bib12],\ [@bib18],\ [@bib19],\ [@bib20]^ All these known interactions of IAV NP have been implicated in the intracellular trafficking of the viral genome, viral RNA replication and virus assembly.^[@bib13]^

In the present study, we have identified a new role for IAV NP in host cell death induction. We show that expression of NP induces apoptosis in host cells. Moreover, we also show that siRNA-mediated knockdown of NP mitigates IAV-induced cell death. The apoptotic effect of IAV NP and its contribution to IAV-induced cell death was significant when compared with other apoptosis modulatory proteins of IAV such as NS1, M1 and M2. Viral proteins often modulate the host apoptotic responses through their interactions with cellular factors.^[@bib21]^ In a screen to identify cellular interactors of IAV NP, we found a novel and highly conserved interaction between IAV NP and host protein Clusterin (CLU). CLU is ubiquitously expressed, highly conserved and has a regulatory role in cell survival, cell cycle, cell--cell adhesion, cell signaling and protein folding.^[@bib22]^ CLU prevents cell death by binding to Bax and inhibiting its movement into the mitochondria under stress conditions.^[@bib23]^ We found that IAV NP weakens the association between CLU and Bax, and CLU overexpression mitigates cell death induced by NP expression or IAV infection. Conversely, siRNA-mediated knockdown of CLU enhanced the apoptosis induced by NP. Taken together, our results suggest a new role for IAV NP in host cell death induction, which is mediated by its interaction with the host antiapoptotic factor CLU.

Results
=======

Apoptosis induction in IAV-infected cells correlates with NP expression and knockdown of NP reduces IAV-induced cell death
--------------------------------------------------------------------------------------------------------------------------

Several studies have suggested a role of IAV NP in viral pathogenesis, however, none have addressed its role in IAV-induced cell death. Thus, we investigated the role of NP in IAV-induced apoptosis. In a time-course study, we examined progression of host cell death by Annexin V staining and expression of IAV proteins by western blotting in IAV-infected A549 cells. For this experiment, we used A/California/2009(H1N1) strains because it doesn\'t have a functional PB1F2 protein,^[@bib24]^ which is an important proapoptotic factor of IAV.^[@bib4]^ Apoptosis induction was detected as early as 4 h postinfection and increased until 24 h ([Figure 1a](#fig1){ref-type="fig"}). Expression of the NP protein appeared at 4 h postinfection ([Figure 1b](#fig1){ref-type="fig"}, panel 1) and its expression kinetics correlated well with the increase in host cell death. Expression of NS1 and M1 proteins appeared at the 8 h time point ([Figure 1b](#fig1){ref-type="fig"}, panel 2,3). Expression of M2 peaked towards the end of IAV replication cycle at 24 h postinfection ([Figure 1b](#fig1){ref-type="fig"}, panel 4). Considering the time-course expression pattern of all the viral proteins, NP seemed to be involved in host cell death induction, specifically between the period of 4--12 h postinfection. To ascertain the role of NP and compare its contribution in IAV-induced cell death, we inhibited the expression of NP, M1, M2 and NS1 proteins using siRNAs specific against these genes of A/California/08/2009(H1N1) IAV. The efficacy of the siRNA pools was confirmed in IAV-infected A549 cells ([Supplementary Figure. S1A](#sup1){ref-type="supplementary-material"}, B, C and D). We observed a significant reduction of cell death in IAV-infected A549 cells in the case of NP knockdown ([Figure 1c](#fig1){ref-type="fig"}). Similar effect was seen upon M2 knockdown, however, NS1 and M1 knockdown did not alter the IAV-induced cell death ([Figure 1c](#fig1){ref-type="fig"}). Taken together, our data indicate that NP contributes to IAV-induced cell death in a significant manner.

Ectopic expression of IAV NP induces apoptosis in human airway epithelial cells
-------------------------------------------------------------------------------

After finding that NP may be involved in IAV infection induced cell death, we checked whether NP expression alone causes apoptosis in host cells. We transfected A549 cells with either a pEGFP-NP plasmid expressing NP protein A/Chicken/Hatay/2004(H5N1) strain, fused to GFP or the control pEGFP plasmid. 48 h post-transfection, the cells were harvested and stained with Annexin V PE and 7AAD dyes and examined by flow cytometry. Annexin V is a marker for early apoptosis,^[@bib25]^ whereas 7AAD is an indicator of late apoptotic events.^[@bib26]^ Results showed that cells expressing IAV NP exhibited ∼threefold higher levels of apoptosis as compared with the control ([Figures 2a and b](#fig2){ref-type="fig"}). Apoptotic effect of IAV NP was also validated in nontransformed NHBE (normal human bronchial epithelial cells) cells in a similar experiment. A similar apoptotic effect of NP expression was seen in NHBE cells also ([Figures 2c and d](#fig2){ref-type="fig"}). These results indicate that the ectopic expression of IAV NP alone can induce apoptosis in human airway epithelial cells. Further, we compared the apoptotic effect of IAV NP with other known apoptosis regulatory proteins of IAV. To do this, we first cloned NS1, M1 and M2 genes of A/Chicken/Hatay/2004 (H5N1) strain in a pGFPN1 mammalian expression plasmid and confirmed their expression ([Supplementary Figure. S2](#sup1){ref-type="supplementary-material"}). Then a similar overexpression experiment was conducted as described earlier using these expression plasmids. We observed that NS1 and NP induced similar level, M1 induced lower level and M2 induced significant levels of host cell death ([Figure 2e](#fig2){ref-type="fig"}). This suggests that NP expression alone can induce apoptosis in host cells, and it may act through a mechanism independent of other viral factors.

Human antiapoptotic protein CLU interacts with IAV NP in a conserved and specific manner through CLU *β*-chain
--------------------------------------------------------------------------------------------------------------

To understand the molecular mechanism of IAV NP-induced cell death and possible role of host factors in the same, we conducted a yeast two-hybrid screen using NP gene of A/Chicken/Hatay/2004 (H5N1) strain as bait and a human lung cDNA library as prey.^[@bib27]^ One of the positive clones was identified by DNA sequencing as the human CLU gene (data not shown). Human CLU protein is translated as an intracellular 449 amino acid protein (sCLU; ≈60 kD), with an N-terminal signal peptide. It targets CLU to ER, where signal peptide is cleaved and sCLU undergoes extensive post-translational modifications to form a heterodimeric glycoprotein, (≈80 kD) which is secreted out of the cells.^[@bib28]^ CLU mRNA also encodes a nuclear form (≈50 kD) of CLU (nCLU) by alternative splicing, which is devoid of the signal peptide.^[@bib29]^ The sCLU is an antiapoptotic protein whereas nCLU is reported to be a proapoptotic factor.^[@bib23],\ [@bib29]^ The CLU isoform identified as interactor of IAV NP in the yeast two-hybrid screen was sCLU and it has been referred as CLU in this report. The NP/CLU interaction was verified by coimmunoprecipitation of A549 cell extracts transfected with plasmids expressing a myc-tagged NP protein of H5N1 IAV and human CLU protein. As shown in [Figure 3a](#fig3){ref-type="fig"}, IAV NP immunoprecipitated with overexpressed CLU (lane 2, panel 1) and *vice versa* (lane 2, panel 2). Furthermore, IAV NP and CLU interaction was verified in A549 cells infected with A/Puerto Rico/8/1934(H1N1) virus by coimmunoprecipitation. Results showed that IAV NP coimmunoprecipitated with endogenous cellular CLU ([Figure 3b](#fig3){ref-type="fig"}, lane 1, panel 1) and *vice versa* ([Figure 3c](#fig3){ref-type="fig"}, lane 1, panel 2). The molecular weight of CLU protein coimmunoprecipitated with IAV NP was ≈60 kD, which corresponds to its intracellular form (sCLU).^[@bib28]^ This interaction was further confirmed in A549 cells infected with several seasonal and pandemic IAV strains. Human CLU protein coimmunoprecipitated consistently with NP protein of all the IAVs tested ([Figure 3e](#fig3){ref-type="fig"}, panel 1). The list of various IAV strains used in this experiment is given in the table in [Figure 3e](#fig3){ref-type="fig"}. It was observed that NP expression level varied in different IAV strains ([Figure 3e](#fig3){ref-type="fig"}, panel 3), this may be attributed to the difference in their replication rates in A549 cells. These results indicate that IAV NP interacts with cellular endogenous CLU in a conserved manner. We also checked the interaction of CLU with M1, M2 and NS1 in IAV-infected cells and found that CLU specifically interacts only with NP ([Supplementary Figure S3](#sup1){ref-type="supplementary-material"}, lane 2).

Further, we characterized the CLU protein domain responsible for interaction with IAV NP by GST pull-down assay. The nascent CLU protein is translated with an N-terminal signal peptide followed by a CLU *β*-chain and C-terminal CLU *α*-chain. In the mature CLU protein, the signal peptide is cleaved and *β*- and *α*-chains are joined by disulfide linkages.^[@bib28]^ Therefore, we cloned full-length mature CLU (without signal peptide), CLU *β*-chain and CLU *α*-chain proteins in a GST tag bacterial expression vector ([Supplementary Figure S4A](#sup1){ref-type="supplementary-material"}) and IAV NP was cloned into a His Tag bacterial expression vector ([Supplementary Figure S4A](#sup1){ref-type="supplementary-material"}). The recombinant proteins were expressed in *Escherichia coli* and GST pull-down assays were carried out. His-tagged IAV NP was detected in the GST pull-down fraction of full-length CLU and CLU *β*-chain ([Supplementary Figure S4B](#sup1){ref-type="supplementary-material"}, panel 1, lane 1, 2); whereas NP showed no interaction with CLU *α*-chain or GST control ([Supplementary Figure S4B](#sup1){ref-type="supplementary-material"}, panel 1, lane 3, 4). Overall, the results showed that CLU *β*-chain was responsible and sufficient for interaction with IAV NP.

IAV NP and CLU colocalize during late stages of IAV infection in perinuclear region of the cells
------------------------------------------------------------------------------------------------

Next, we sought to determine the stage of IAV infection and the intracellular sites where NP and CLU may interact. To this end we checked NP and CLU localization by immunofluorescence microscopy and biochemical fractionation in an IAV infection time-course study. We observed that NP localized in the nucleus at 4 h postinfection ([Figure 4b](#fig4){ref-type="fig"}). At 8 h and 12 h time points it moved out to the cytoplasm ([Figures 4c and d](#fig4){ref-type="fig"}), as reported elsewhere.^[@bib13]^ CLU had diffused nucleocytoplasmic localization in control uninfected cells ([Figure 4a](#fig4){ref-type="fig"}), however, in IAV-infected cells, it localized extensively in the perinuclear region ([Figures 4b, c](#fig4){ref-type="fig"}). It was observed that IAV NP and CLU colocalized primarily in the perinuclear region, at later stages of infection ([Figures 4c and d](#fig4){ref-type="fig"}). Biochemical fractionation of IAV-infected cells at similar time points showed that NP and CLU accumulated in the membrane fraction between 8 and 12 h postinfection ([Supplementary Figure S5](#sup1){ref-type="supplementary-material"}, panel 1, 2, lane 4, 5). The membrane fraction represents primarily the ER/Golgi and mitochondrion of the cells, and the purity of these fractions was checked by specific markers for ER (Calnexin) and cytosol (GAPDH) ([Supplementary Figure S5](#sup1){ref-type="supplementary-material"}, panel 3, 4). These results indicate that IAV NP and CLU interact during the late stages of infection in the cytoplasm of IAV-infected cells undergoing apoptosis.

IAV NP induces cell death through the intrinsic apoptosis pathway
-----------------------------------------------------------------

Considering that CLU inhibits intrinsic apoptosis pathways^[@bib23]^ and interacts with IAV NP, we checked whether IAV NP-induced cell death is also mediated by the same cell death pathway. Hallmarks of this pathway are the movement of Bax into mitochondria, release of Cytochrome c (Cyt c) from the mitochondria and subsequent activation of Caspase 3 (Casp 3).^[@bib30]^ We studied the effect of IAV NP expression on these events by immunofluorescence microscopy. It is known that Bax is present in the nuclei as well as cytoplasm of many cell lines.^[@bib31]^ Similarly, we observed that Bax localized in the nucleus of control A549 cells ([Figure 5a](#fig5){ref-type="fig"}); however, in IAV NP-transfected cells, a substantial amount of Bax was detected in the mitochondrial region ([Figure 5b](#fig5){ref-type="fig"}). Furthermore, in control cells, Cyt c was localized in the perinuclear-mitochondrial region, ([Supplementary Figure S6A](#sup1){ref-type="supplementary-material"}) whereas it acquired a diffused cytoplasmic localization, indicating its release from the mitochondria, in IAV NP-expressing cells ([Supplementary Figure S6B](#sup1){ref-type="supplementary-material"}). The Cyt c release was also quantified by flow cytometry, and our result showed ≈threefold higher Cyt release from mitochondria in IAV NP-transfected cells as compared with control ([Figure 5c](#fig5){ref-type="fig"}). Next we checked the effect of NP expression on Casp 3 activity by flow cytometry. Results from this experiment revealed that IAV NP induced around threefold more Casp 3 activity compared with control ([Figure 5d](#fig5){ref-type="fig"}). These results correlated well with the level of apoptosis induction by IAV NP expression, suggesting that NP-induced cell death occurs through the intrinsic apoptosis pathway.

CLU attenuates IAV NP-induced cell death and IAV replication
------------------------------------------------------------

Further, we investigated whether CLU was involved in IAV NP-induced cell death. We checked the effect of CLU overexpression and CLU knockdown on cell death induction by IAV NP expression or IAV infection. CLU was ectopically expressed in A549 cells, followed by infection with IAV or transfection with IAV NP-expressing plasmid, and cell death was assessed by Annexin V staining. We observed that the overexpression of CLU in A549 cells reduced IAV NP-induced cell death by≈20% ([Figure 6a](#fig6){ref-type="fig"}) as compared with control. In IAV-infected cells also, the CLU overexpression reduced cell death by≈20% ([Figure 6b](#fig6){ref-type="fig"}) as compared with control. The effect of CLU overexpression on virus replication was also checked by detecting NP protein expression level and also by plaque assay. CLU overexpression in IAV-infected cells reduced NP protein expression ([Figure 6c](#fig6){ref-type="fig"}, panel 3, lane 3) and decreased virus titers by 40% ([Figure 6d](#fig6){ref-type="fig"}). We tested the effect of siRNA-mediated knockdown of CLU on IAV NP-induced apoptosis. We observed that CLU inhibition enhanced cell death by ≈30% as compared with control siRNA-treated control cells in case of both NP plasmid transfection ([Figure 6e](#fig6){ref-type="fig"}) and IAV infection ([Figure 6f](#fig6){ref-type="fig"}). The efficacy of the siRNA pool used against CLU in this experiment was checked by western blotting, and the results clearly showed knockdown of CLU expression as compared with the control ([Supplementary Figure S7A](#sup1){ref-type="supplementary-material"}, panel 1, lane 3). As CLU overexpression mitigated, whereas CLU knockdown exacerbated NP-induced apoptosis, we postulated that CLU is targeted by NP for cell death induction.

IAV NP interferes with CLU--Bax association
-------------------------------------------

As Bax movement to the mitochondria requires its dissociation from CLU,^[@bib23]^ we checked the effect of IAV NP expression on CLU--Bax association. For this A549 cells were transfected with IAV NP-expressing plasmid or control plasmid. Two days post-transfection, cells were harvested and immunoprecipitation was carried out with CLU-specific antibody. We detected coimmunoprecipitation of both IAV NP and Bax along with CLU ([Figure 7a](#fig7){ref-type="fig"}, panel 1, 2, 3); however, in IAV NP-transfected cells, the amount of Bax coimmunoprecipitated with CLU was reduced ([Figure 7a](#fig7){ref-type="fig"}, panel 2, lane 2). This clearly indicates that IAV NP interferes with CLU--Bax association, which may result in Bax movement into the mitochondria.

Discussion
==========

Apoptosis induction by IAVs is a multifactorial process,^[@bib32]^ as many virus and host factors contribute to it in a complex manner.^[@bib1]^ In the present study, we show that IAV NP induces host cell death through the mitochondrial apoptosis pathway. We also report a novel interaction between IAV NP and host protein CLU. Our results indicate that CLU has a cytoprotective role in IAV infection, and IAV NP targets CLU to induce cell death. The question, whether apoptosis induction favors IAV or host, is still under debate.^[@bib1]^ However, there are many reports that suggest that apoptosis induction by IAV facilitates virus replication, dissemination and killing of the host immune effectors cells.^[@bib32],\ [@bib33],\ [@bib34],\ [@bib35],\ [@bib36]^ Cell death induced by IAV may depend on the host cell type and the stage of infection.^[@bib37]^

We validated apoptotic phenotype of NP in the human tracheal/bronchial as well as alveolar epithelial cells, which are the primary site of IAV infection and replication in humans.^[@bib38]^ We compared the apoptotic effect of IAV NP with other IAV proteins and found that NP was a major contributor of IAV-induced cell death. The PB1F2 protein of influenza viruses is also known to induce cell death through the mitochondrial pathway,^[@bib4]^ therefore we used A/California/2009 (H1N1) influenza virus that allowed us to study IAV-induced apoptosis in the absence of PB1F2.^[@bib24]^ We also observed that although M2 expression did not induce cell death, M2 knockdown in IAV-infected cells mitigated apoptosis. This suggests that M2 may require additional viral factors to contribute to host cell death. Our results showed that NS1 and M1 proteins promote cell death in overexpression experiments, however, their knockdown has no effect on IAV-induced apoptosis, which is contrary to previous reports.^[@bib6],\ [@bib7]^ This can be attributed to the difference in experimental conditions such as virus strains and cell type used in our study.

CLU protein prevents the initiation of intrinsic apoptotic pathway,^[@bib23]^ and conversely IAV NP was found to activate the same. IAV NP expression was associated with Bax movement into mitochondria, release of Cyt c from the mitochondria and activation of Casp 3, all of which are events involved in the intrinsic apoptosis pathway.^[@bib30]^ Further, NP and CLU colocalized in the cytoplasm of IAV-infected cells during late stages of infection. We also observed that IAV NP-induced apoptosis in a dose-dependent manner (data not shown). Taken together, our data clearly suggest that during the late stages of the viral life cycle, when NP accumulates in the host cell, its apoptotic effect is more prominent and is mediated by the NP--CLU interaction. We also observed that CLU overexpression attenuated IAV replication in mammalian cells. It has been reported that the presence of Bax and activation of Casp 3 is essential for efficient IAV replication,^[@bib34],\ [@bib35]^ and CLU is known to inhibit these molecules.^[@bib23]^ This explains why CLU overexpression may impede IAV replication. CLU is known to interact with Bax through its *α*-chain,^[@bib23]^ whereas in the present study CLU *β*-chain was found to be responsible for the IAV NP--CLU interaction. Thus NP and Bax interaction sites on CLU are mutually exclusive. Moreover, we found that in the presence of NP, the CLU--Bax association was weakened in mammalian cells. Collectively, based on our data, we proposed a model for the regulation of apoptosis in IAV-infected cells by NP and propose a possible role of CLU ([Figure 8](#fig8){ref-type="fig"}). According to this model, NP interacts with CLU and either prevents its association with Bax or dissociates the Bax--CLU complex. This will lead to Bax movement into the mitochondria, release of Cyt c, activation of Casp 3 and eventually cell death. Furthermore, we found that CLU interacts exclusively with NP among IAV proteins known to promote cell death. Also the IAV NP--CLU interaction was well preserved in IAV strains of different subtypes, pathogenicity and host specificity. This suggests that IAV NP induces cell death through a specific and conserved mechanism, which is mediated by its interaction with CLU.

Few other viruses also target CLU to modulate host responses. The secreted form of CLU is exploited by the NS1 protein of Dengue viruses to interfere with the complement pathway.^[@bib39]^ The intracellular form of CLU is known to be upregulated during Hepatitis δ virus infection, as a strategy to promote cell survival.^[@bib40]^ CLU is also known to have an important role in the regulation of PI3K signaling, NFkB pathway and cell cycle.^[@bib41],\ [@bib42]^ Implications of the IAV NP interaction with CLU on these cellular processes remains to be studied. We observed that ectopic expression of CLU reduces NP or IAV-induced apoptosis, however, it does not abrogate it completely. This indicates that NP-induced cell death may not be entirely dependent on its interaction with CLU. NP is known to modulate PKR and NF*k*B signaling pathways,^[@bib27],\ [@bib43]^ which may also have a role in NP-induced cell death.

Apoptosis induction in IAV-infected cells is closely linked to the induction of inflammatory response and viral pathogenesis.^[@bib3]^ Exchange of gene segments between high and low pathogenic IAVs is known to alter their ability to induce cell death.^[@bib32]^ Not surprisingly, IAV proteins such as NS1 and PB1F2, which are known to cause cytokine dysregulation,^[@bib44],\ [@bib45],\ [@bib46]^ are also involved in apoptosis modulation.^[@bib4],\ [@bib5],\ [@bib6]^ NP is also known to interfere with the host IFN response,^[@bib27]^ and in the current study we have shown that it contributes to host cell death also. Taken together, these facts indicate that NP could be an important virulence factor and contributor in IAV pathogenesis. It will be interesting to investigate the role of apoptotic phenotype of IAV NP in viral pathogenesis using appropriate animal models and selected IAV strains. Finally, the ubiquitous expression of CLU and the conserved nature of the IAV NP--CLU interaction makes it a promising target to develop antiviral modalities.

Materials and Methods
=====================

Cell culture and plasmids
-------------------------

Human lung adenocarcinoma (A549) cells were obtained from ATCC, Manassas, VA, USA and grown in DMEM medium (Hyclone, Logan, UT, USA) supplemented with 10% fetal calf serum (FCS) (Hyclone), 100 units/ml Penicillin Streptomycin solution (Invitrogen, Grand Island, NY, USA). NHBE cells were purchased from Lonza, Basel, Switzerland and maintained as specified by supplier. The NP, NS1, M1 and M2 genes of A/Chicken/Hatay/2004 (H5N1) influenza virus were cloned in pEGFPN1 vector (Clontech, Mountain View, CA, USA). NP was also was cloned into pCDNA3.1 myc vector (Invitrogen), pGBKT7 vector (Clontech) and pET-28(+) vector (Novagen, Rockland, MA, USA). Plasmid pCMV6-XL4-CLU that expresses full-length CLU protein (NM_203339.1) was purchased from Origene (Rockville, MD, USA). For CLU domain mapping, a full-length CLU gene (without signal peptide), CLU *β*-chain and CLU *α*-chain were cloned into pGEX4T1 vector (GE healthcare, Uppsala, Sweden) to express recombinant protein with GST tag at the N-terminus.

Transfection and IAV infection
------------------------------

All DNA transfections were done using Lipofectamine 2000 (Invitrogen) and cells were maintained in DMEM medium devoid of serum and antibiotics. Six hours post-transfection, culture medium was supplemented with 5% FCS and 24 h post-transfection medium was replaced with fresh culture medium. All virus infections were done in DMEM medium supplemented with 2% BSA (GIBCO, Grand Island, NY, USA). After 1 h incubation with the virus, cells were washed with DMEM once and then grown in DMEM supplemented with 0.2% BSA and 1 *μ*g/ml *N*-p-tosyl-1-phenyl alanine chloromethyl ketone (TPCK) (Sigma-Aldrich, St. Louis, MO, USA).

Bacterial protein expression and GST pull-down assay
----------------------------------------------------

The bacterial expression plasmids of IAV NP, CLU and its domains were transformed in *E.coli* (Rosetta strain, EMD4Biosciences, Billerica, MA, USA), and induced with 0.1 mM IPTG overnight at 18 °C. Cells were then harvested in bacterial lysis buffer (300 mM NaCl, 50 mM NaH2PO4 pH 7.5 supplemented with 1 mg/ml lysozyme and 1 mM PMSF). Cell suspension was sonicated and lysates were centrifuged at 13 000 r.p.m. for 45 min. Supernatants were used to setup GST pull-down assay, for which soluble fractions of GST-tagged proteins (CLU, CLU domains and GST alone as control) were incubated with GST beads (GST sepharose 4 Fast Flow, GE healthcare; no. \#17-5132-01) for 1 h at 4 °C. Then the beads were incubated with soluble fraction containing bacterially expressed His-tagged IAV NP protein for 1 h at 4 °C. Beads were washed three times with lysis buffer and protein--protein complexes were collected by incubating the beads with elution buffer (10 mM reduced glutathione in 50 mM Tris-Cl pH 8.0). Eluted fractions and soluble fractions were subject to SDS-PAGE and western blotting to detect the GST or His-tagged proteins.

Western blot analyses
---------------------

Cells were lysed using a buffer (20 mM HEPES, pH 7.5, 150 mM NaCl, 1 mM EDTA, 10% glycerol, 1% Triton X-100) supplemented with protease-inhibitors (Roche Diagnostics, Pleasonton, CA, USA) and the lysates were subject to SDS-PAGE. Anti-NP mouse monoclonal antibody was obtained from Immunology and Pathogenesis Branch, Influenza Division, Centers for Disease Control and Prevention, Atlanta, GA, USA. Anti-NP polyclonal antibody (ab 22285) and anti-NA antibody (ab 21304) were purchased from Abcam (Cambridge, MA, USA). Anti-NP polyclonal antibody was used specifically to detect A/California/08/2009(H1N1) NP expression. Antibodies against CLU (sc-8354, Rabbit polyclonal and sc-166907, Mouse monoclonal), IAV M1 protein (sc-69824), IAV M2 protein (sc-32238), GST tag (sc-138) and His tag (sc-803) proteins were obtained from Santa Cruz (Santa cruz, CA, USA). Anti-*β*-actin antibody (A2228) was purchased from Sigma-Aldrich. Anti-myc tag antibody (no. \#2276), anti-Bax antibody (no. 5023) and anti-Cytochrome c (no. \#4280) antibodies were purchased from Cell Signaling (Boston, MA, USA).

Immunoprecipitation and cellular fractionation
----------------------------------------------

For coimmunoprecipitation experiments cell lysates were incubated with primary antibody overnight followed by incubation with protein A Dynabeads (Invitrogen) for 2 h. Beads were washed three times with cold PBS. IP products were eluted by boiling the beads in SDS-PAGE sample buffer and subjected to SDS-PAGE followed by western blotting. NP was immunoprecipitated using anti-NP monoclonal antibody (Immunology and Pathogenesis Branch/IPB, CDC, Atlanta) in case of infection or anti-myc tag antibody in case of transfection. CLU was immunoprecipitated using anti-human CLU protein rabbit polyclonal antibody (sc-8354) from Santacruz Biotechnology Inc, (Santa Cruz). Biochemical fractionation of the cells was done with Qproteome cell compartment kit (Qiagen, Valencia, CA, USA, Cat. no. 37502), as per supplier\'s instructions.

Plaque assay
------------

Madine Derby canine kidney cells were seeded in 6-well plates (≈10^6^ cells/well) and the plates were incubated at 37 °C overnight. Cell monolayers in all 6-well plates were washed twice with DMEM and the culture supernatant containing virus was added in a volume of 200 *μ*l at different dilutions. Each dilution was plated in duplicates. Plates were incubated with virus for 1 h followed by washing with DMEM with 0.3% BSA. The cells were overlaid with 1.6% Agarose (SeaKem LE, Cambrex, East Rutherford, NJ, USA) in L15 medium (2xL15, 1 M HEPES, 200 mM Glutamine, 50 *μ*g/ml Gentamyin, NaHCO~3~ and penicillin streptomycin) with 1 *μ*g/ml TPCK-treated Trypsin (Sigma-Aldrich). The plates were incubated for 2 to 3 days, agarose was removed, cells were fixed with 70% ethanol for 5 min and stained with crystal violet stain for 30 min. Cells were washed with distilled water, dried and plaques were counted.

Immunofluorescence microscopy
-----------------------------

A549 cells infected with IAV or transfected with NP-expressing plasmid were washed with PBS, fixed in 4% paraformaldehyde for 15 min. Cells were permeabilised with 0.5% Tween-20 in PBS for 10 min, washed with PBST (0.2% Tween-20), blocked with 2% BSA in PBST for 2 h, washed with PBST, incubated with primary antibody dilution in 0.5% BSA in PBST overnight. Later cells were washed with PBST, incubated with secondary antibody (Alexa 350/405/488/ 594) (Invitrogen) solution in 0.5% BSA in PBST for 2 h and washed with PBST. Nuclei were stained with Hoechst stain (1 *μ*g/ml) (H1398), (Invitrogen) for 10 min. For mitochondrial staining, cells were incubated with 100 nM solution of CMXRos Red mitotracker dye (M7512 Invitrogen) in DMEM for 15 min, followed by immunostaining. After staining was complete, cells were covered with Prolong Gold antifade mounting medium (P36930), (Invitrogen) and sides of glass cover slips were sealed. Cell images were taken under × 60 objective lens of Leica DM6000B confocal microscope. Images were processed using NIS Elements AR 3.0 software (Nikon, Melville, NY, USA).

siRNA treatment
---------------

siRNAs targeting three different regions of NP, NS1, M1 and M2 genes of California/ 2009/ H1N1 IAV were designed. These siRNAs along with prevalidated siRNA against human CLU gene^[@bib47]^ were purchased from Dharmacon (Lafayette, CO, USA). Control universal nontargeting siRNA (no. SIC001) was purchased from Sigma-Aldrich. Sequences of siRNAs used in the study are provided in the [Supplementary Table 1](#sup1){ref-type="supplementary-material"}. Transfections of siRNAs were done by using the Dharmafect 1 transfection reagent (Dharmacon). For NP/NS1/M1/M2 silencing, A549 cells were transfected with gene-specific siRNA pool at 100 nM and 6 h post-transfection, cells were infected with California/ 2009/ H1N1 virus. For CLU silencing, A549 cells were transfected with CLU siRNA at 50 nM concentration and 24 h post-transfection cells were infected with California/ 2009/ H1N1 virus or transfected with NP-expressing plasmid.

Flow cytometry
--------------

Annexin V and 7 AAD staining of cells was done by using Annexin V PE apoptosis detection kit (BD Pharmingen, San Jose, CA, USA). Casp 3 activity was checked by using PE Active Caspase-3 apoptosis detection kit (BD Pharmingen). Cyt c release assay was performed with a FlowCellect Cyt c kit (Millipore, Billercia, MA, USA), in combination with PE conjugated anti-Cyt c antibody from Santa Cruz (sc-13156 PE), according to the manufacturers\' instructions. Samples were acquired on BD LSRII Flow cytometer (BD Biosciences) and analyzed using Flowjo version 9.3.3 software (Tree Star Inc., Ashland, OR, USA).
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![IAV NP contributes to IAV-induced host cell death. (**a**) A549 cells were infected with A/California/08/2009(H1N1) IAV at an multiplicity of infection (MOI) of 0.2. Cells were harvested at different time intervals, stained with Annexin V PE and subjected to flow cytometry. The percentage of Annexin V-positive cell population is plotted on the graph, which shows means±S.D. from one representative experiment (*n*=3) of at least three independent experiments. (**b**) From the above mentioned time points, cell lysates were subjected to western blotting using antibodies against NP (rabbit polyclonal: ab 22285), NS1, M1, M2 and *β*-actin proteins shown in panels 1, 2, 3, 4 and 5, respectively. (**c**) A549 cells were transfected with siRNA pool against NP, NS1, M1, M2 gene of A/California/2009(IAV) IAV or control nontargeting siRNA. Six hours post-transfection, cells were infected with respective IAV at 0.2 MOI. Cells 12 h postinfection, stained with Annexin V PE and subjected to flow cytometry. The percentage of Annexin V-positive cell population was plotted on the graph. Data show mean±S.D. from one representative experiment (*n*=3) of at least three independent experiments. Statistical significance was determined using Student\'s *t*-test. \*^,\ \#^*P*\<0.05; \*\*^,\ \#\#^*P*\<0.01, \* and ^\#^ indicate *P* values compared to control infected and control siRNA samples respectively](cddis201389f1){#fig1}

![Ectopic expression of IAV NP induces apoptosis in human airway epithelial cells. (**a** and **b**). A549 cells were transfected with pEGFP-NP plasmid or control pEGFP plasmid. Forty-eight hours post-transfection cells were harvested and stained with Annexin V PE (**a**) or 7AAD dye (**b**) and subject to flow cytometry. Annexin V and 7AAD staining in GFP-positive cells was analyzed and plotted as graphs. (**c** and **d**). represents similar experiment in NHBE cells. (**e**). A549 cells were transfected with pEGFP-NP, pEGFP-NS1, pEGFPM1, pEGFP-M2 or control pEGFP plasmid. Forty-eight hours post-transfection cells were harvested and stained with Annexin V PE and subjected to flow cytometry. Annexin V staining in GFP-positive cells was analyzed and plotted as graphs. Data shown in the graphs represents mean±S.D. of one representative experiment (*n*=3) of at least three independent experiments. Statistical significance was determined using student\'s *t*-test. \**P*\<0.05; \*\**P*\<0.01; \*\*\**P*\<0.001](cddis201389f2){#fig2}

![IAV NP interacts with human CLU protein in human lung epithelial cells. (**a**) A549 cells were transfected with (pcDNA3.1 myc-NP+pCMV XL4-CLU) plasmids or only with pCMV XL4-CLU plasmids. Cells were harvested 48 h post-transfection and immunoprecipitation was set up using anti-myc tag and anti-CLU antibodies, followed by western blotting. Lane 2 of panel 1 shows coimmunoprecipitation of myc-tagged NP with CLU and lane 2 of panel 2 shows coimmunoprecipitation of CLU with myc-tagged NP. Lane 1 of panel 1 and 2 represents samples transfected with control plasmid. (**b**) From the previous experiment 10% input cell lysate was subjected to western blotting with anti-Myc (panel 1), anti-CLU (panel 2) and anti-*β*-actin (panel 3) antibodies. (**c**) A549 cells were infected with PR8 IAV at 1 MOI and harvested 24 h postinfection. Immunoprecipitation was set up using NP-specific antibody and CLU-specific antibody. Lane 1 of panel 1 shows coimmunoprecipitation of viral NP with CLU and lane 1 of panel 2 shows coimmunoprecipitation of CLU with NP. Lanes 2 of panel 1 and 2 represent control uninfected samples. (**d**) From the previous experiment 10% input cell lysate was subjected to western blotting with anti-CLU (panel 1), anti-NP (panel 2) and anti-*β*-actin (panel 3) antibodies (**e**) A549 cells were infected with different IAV isolates, as indicated in the Table, at 1 MOI. Cells were harvested 24 h postinfection and immunoprecipitation was set up using NP-specific antibody, followed by western blotting. Panel 1 shows coimmunoprecipitation of CLU with NP of different IAV strains. Panels 2, 3 and 4 show expression levels of CLU, NP and *β*-actin in the cell lysates used for immunoprecipitation. Lane 1 of all panels shows control uninfected samples. List of the IAV strains used for infection is provided in the table](cddis201389f3){#fig3}

![IAV NP and CLU colocalize during late stages of IAV infection in perinuclear region of the cells. (**a--d**) A549 cells were infected with PR8 IAV at five MOI, cells were fixed at different time points and processed for immunostaining and observed under confocal microscope. NP was stained using anti-NP monoclonal primary antibody and Alexa488 conjugated secondary antibody (green). CLU was stained using CLU-specific primary antibody and Alexa 594 conjugated secondary antibody (red). Nuclei were stained with Hoechst stain. (**a**) shows control uninfected cells; (**b**, **c** and **d**) show IAV-infected cells at 4, 8 and 12 h postinfection, respectively. Panels are labeled for their respective staining. Image region showing colocalization is indicated by arrows](cddis201389f4){#fig4}

![IAV NP-induced cell death involves the mitochondrial apoptosis pathway. (**a** and **b**) A549 cells were transfected with pcDNA3.1 myc-NP or control pcDNA3.1 myc plasmid. Forty-eight hours later cells were processed for immunostaining and observed under confocal microscope. NP was stained using anti-myc tag primary antibody and Alexa350 conjugated secondary antibody (blue). Bax was stained using Bax-specific primary antibody and Alexa 488 conjugated secondary antibody (green). Mitochondria were stained with CMXRos Red mitotracker dye. Panels are labeled for their respective staining. (**a**) shows pcDNA3.1 myc-NP-transfected cells, whereas (**b**) shows control pcDNA3.1 myc-transfected cells. (**c**) A549 cells were transfected with pEGFP-NP or control pEGFP plasmid. Forty-eight hours post-transfection cells were stained using FlowCellect Cytochrome c kit (Millipore), which differentially stains Cyt c present in the mitochondria. The percentage of (GFP positive+Cyt c negative) population is shown in the graph. (**d**) A549 cells were transfected with pEGFP-NP plasmid or control pEGFP plasmid. Forty-eight hours post-transfection cells were harvested and stained with PE Active Caspase 3 staining kit (BD Biosciences), which differentially stains cleaved form of Casp 3, and subjected to flow cytometry. The percentage of (GFP positive+Casp 3 positive) population is shown in the graph. All graphs represent mean±S.D. of one representative experiment (*n*=3). Statistical significance was determined using Student\'s *t*-test. \**P*\<0.05, \*\**P*\<0.01](cddis201389f5){#fig5}

![CLU attenuates IAV NP-induced cell death and IAV replication. (**a**) A549 cells were transfected with CLU-expressing plasmid pCMV XL4-CLU or control plasmid pCMV. Twenty-four hours post-transfection, cells were transfected with pEGFP-NP plasmid or pEGFP control plasmid. Cells were harvested at 24 h postinfection, stained with Annexin V PE and subjected to flow cytometry. The percentage of (GFP+Annexin V) positive population was plotted on the graph. (**b**) A549 cells were transfected with CLU-expressing plasmid pCMV XL4-CLU or control plasmid pCMV. Twenty-four hours post-transfection, cells were infected with A/California/08/2009(H1N1) IAV at 0.2 MOI. Cells were harvested at 12 h postinfection, stained with Annexin V PE and subjected to flow cytometry. The percentage of Annexin V-positive population was plotted on the graph. (**c**) A549 cells were transfected with CLU-expressing plasmid pCMV XL4-CLU or control plasmid pCMV. Twenty-four hours post-transfection, cells were infected with A/California/08/2009(H1N1) IAV at 0.2 MOI. Cells were harvested at 24 h postinfection, and the cell lysates were subject to SDS-PAGE followed by western blotting with antibodies specific to CLU, NP and *β* actin, which are shown in panels 1, 2, and 3 respectively. Lane 1 shows control cells, lane 2 shows cells transfected with control plasmid and lane 3 shows cells transfected with CLU-expressing plasmid, all of which are infected with IAV. (**d**) Culture supernatant from the experiment shown in (**c**) were harvested and used to set up plaque assay to study virus replication. The 10^6^ × pfu/ml was plotted on the graph. (**e**) A549 cells were transfected with siRNA pool against CLU gene or nontargeting control siRNA. Twenty-four hours post-transfection, cells were transfected with pEGFP-NP plasmid. Twenty-four hours postinfection cells were harvested and stained with Annexin V PE and subjected to flow cytometry. The percentage of (GFP+Annexin V) positive population was plotted on the graph, \* and ^\#^indicate *P* values compared to pEGFP-NP and pEGFP-NP+control siRNA samples respectively. (**f**) A549 cells were transfected with siRNA pool against CLU gene or nontargeting control siRNA. Twenty-four hours post-transfection; cells were infected with A/California/2009(H1N1) IAV at 0.2 MOI. Twelve hours postinfection cells were harvested and stained with Annexin V PE and subjected to flow cytometry. The percentage of Annexin V-positive population was plotted on the graph. All graphs represent mean±S.D. of one representative experiment (*n*=3). Statistical significance was determined using Student\'s *t*-test. \**P*\<0.05; \*\**P*\<0.01, \* and ^\#^indicate *P* values compared to IAV only and IAV+control siRNA treated samples respectively](cddis201389f6){#fig6}

![IAV NP expression reduces CLU--Bax association in human lung epithelial cells. A549 cells were infected with IAV NP-expressing plasmid pcDNA3.1myc-NP or control pcDNA3.1myc plasmid. Forty-eight hours post-transfection cells were harvested and immunoprecipitation was set up using CLU-specific antibody. Samples were subject to SDS-PAGE followed by western blotting with antibodies specific to myc tag and Bax, shown in panel 1 and 2 of (**a**). Panel 1, 2, 3 and 4 of (**b**) show expression level of NP, Bax, CLU and *β* actin in 10% of the cell lysate input used for immunoprecipitation](cddis201389f7){#fig7}

![Model for regulation of cell death by IAV NP--CLU interaction. IAV NP interacts with human CLU protein inside the cells. Through this interaction CLU association with Bax is prevented or Clu--Bax complex is dissociated. This leads to Bax movement into the mitochondria, subsequent release of Cyt c from mitochondria, activation of Casp 3 and eventually cell death](cddis201389f8){#fig8}
